Abstract-The stable generation of TE 01 and TM 01 beams is demonstrated through a novel all-fiber fused coupler fabricated from a standard single mode fiber (SMF) and a custom air-core fiber. The fundamental mode in the SMF is directly coupled to the TM 01 or TE 01 mode by appropriately phase matching the modes in the fibers resulting in efficiency of ∼67% and ∼85%, and polarization purity of 70% and 82%, respectively. The phase matching is achieved through pre-tapering the SMF with precise control of the tapering ratio. The air-core fiber ensures selective excitation of the desired modes, thereby improving propagation stability and polarization quality of the TE 01 and TM 01 beams.
fiber to generate CVBs by applying external perturbations in the form of mechanical [15] [16] [17] [18] , and acoustic waves [19] . Nevertheless, these techniques find limited applications because of complexity and/or low response time.
Recently, mode selective fiber couplers (MSCs) have been investigated as an efficient method to control the excitation, separation and coupling of individual guided higher order modes (HOMs) in a few mode fiber (FMF) [20] [21] [22] [23] . Such evanescent wave couplers, typically fabricated using a single mode fiber (SMF) and a FMF have been demonstrated to excite HOMs in FMFs with high efficiency (97%) and low insertion loss (< 0.1 dB) [24] . MSCs have been demonstrated for the efficient excitation of HOMs: LP 11 , LP 21 , and LP 02 modes in standard weakly guiding fibers with increased bandwidth [20] , [21] and for polarization mode selectivity [25] , but not for the excitation of CVBs. Also, an important aspect often ignored in the excitation of CVBs in fibers is the selection of an appropriate fiber geometry for the stable propagation of the generated HOM beams [15] , [17] , [18] , [26] . If the selected fiber has a low NA (weakly guiding), the CVBs are guided with nearly the same effective refractive index, i.e. they are degenerate [17] . Consequently, the HOMs/CVBs cannot be individually excited (or only with extreme constraints) using conventional techniques. Additionally, mode coupling can easily occur at any imperfection and, as a result, the purity of the radially or azimuthally polarized modes degrades [15] , [17] , [18] , [27] , [28] . However, CVBs (TE 01 and TM 01 in particular) can be supported by special, modal-degeneracylifted and strongly guiding fibers, known as vortex fibers [15] , [17] , [26] , [27] . Hence, it is highly desirable to investigate the use of MSCs based on such vortex fibers for generating stable as well as high quality TM 01 and TE 01 beams while providing power scalability.
In this letter, we demonstrate a technique for the highly stable and efficient generation of TM 01 and TE 01 beams using weakly-fused fiber couplers [20] , [22] , [23] . We replaced the FMF with air-core fiber in traditional MSCs to lift the degeneracy between the CVBs and propagate them without intermodal coupling. This technique minimizes the power transfer to the unwanted mode by making use of both the phase mismatch as well as the smaller modal overlap between the two selected modes, thus substantially improves the quality of generated CVBs [15] , [17] , [26] , [27] . Unlike previous techniques [13] , [29] , the fabricated fused fiber coupler does not use any external mode selecting element and the air-core fiber addresses the degeneracy problem. As such, it provides the first realistic efficient way to generate TM 01 and TE 01 beams with high quality and good stability. In addition, this all-fiber device is highly suitable for power scalability, as it could be used as seed in a master oscillator power amplifier (MOPA) system [30] .
II. PRINCIPLE
For a coupler formed using two dissimilar fibers, the power coupling between two coupled modes is given by the coupled mode theory [20] , [24] , [31] :
where P c is the power of the desired mode in the coupled arm, P 0 is the launched power in the input mode, φ = (β 1 − β 2 )/2 is the phase mismatch factor, β 1 and β 2 are the propagation constants (β = (2π/λ) n eff ) of the modes in two fiber arms of the coupler device, n eff the effective index, k is the coupling coefficient per unit length, and L is the coupling/interaction length. According to Eq. (1), the maximum power that can be coupled into the target air-core fiber mode requires that the mismatch between the n eff of the CVB in the air-core fiber and that of HE 11 mode in the SMF should be minimized.
In the weakly fused technique (our case), the coupler may be treated as two touching circular fibers facilitating index matching between the two modes. The coupling coefficient and the resultant efficiency were studied in our previous report [23] and the same may be extended to the present device as both rely on the same physical mechanism. The index profiles of the air-core fiber is shown in Fig. 1. (a) . The air-core fiber has an air-core radius of ∼3 μm, an annular guiding region with radius ∼8.25 μm and an index difference of ∼0.035 with respect to the adjacent silica cladding [32] . The high index contrast and the annular ring guiding structure enable for the propagation of vectorial modes, which are usually degenerate in the weakly guiding fibers, with high effective index separation in the order of n eff ∼10 −4 ) at λ =1550nm [32] , as shown in Fig. 1. (b) . Since the degeneracy between the different polarized modes is removed, selective excitation and stable propagation of the excited TM 01 and TE 01 are achieved in our SMF-air-core fiber device as presented here.
The n eff and β of the HE 11 mode in the SMF are different from that of CVBs in the air-core fiber. Yet, in order to efficiently couple light from the HE 11 mode in the SMF to the CVBs in the air-core fiber, it is essential [20] , [22] [23] [24] that modes have the same n eff (Eq. (1)). In addition, since the different modes in the fiber have a different overlap with the core, the diameter of the SMF fiber should be manipulated to match the n eff of the targeted modes in the air-core fiber. This is achieved by pre-tapering the SMF until the value of the n eff of the HE 11 in the SMF equals that of the CVBs in the air-core fiber. The phase matching condition was studied using COMSOL Multiphysics®eigenmode solver to estimate the ratio between the cladding radii of the SMF and the aircore fiber, as shown in Fig. 2 . A three-layer system consisting of the coupler cores, cladding and air regions was adopted in the simulations as the core guided mode could still be influenced by the surrounding environment at the smaller tapering diameters [22] , [23] . In Fig 2, n eff of the HE 11 mode in the SMF and those of the TM 01 and TE 01 modes in the air-core fiber are mapped as a function of radius (r) of both fibers in order to determine the ratio of fiber radii needed to achieve phase matching between the selected modes [20] , [22] , [23] . Fig. 2 shows that the HE 11 in the SMF has n eff = 1.425 at a radius of r SMF ∼2.43μm, while the CVBs in the air-core fiber shows the same n eff at radius of r air−core ∼4.12 μm for TM 01 mode, and r air−core ∼3.928 μm for TE 01 mode. This means that the radius of the SMF should be reduced by the corresponding ratio (ρ = r SMF /r air−core ). The pre-tapered radii of SMF required for generating the TM 01 and TE 01 modes were calculated to be r TM01 =36.80 μm and r TE01 =38.60 μm, respectively.
III. EXPERIMENT, RESULTS AND DISCUSION
Based on the above analysis and the simulations shown in Fig. 2 , a conventional telecom-grade SMF (Elliot Scientific, SMF-1300/1500 core/cladding diameter = 8.2/125 μm, NA = 0.14) was adiabatically pre-tapered at ∼1400 o C to a radius of r TE01 ∼ 38.6±0.1 μm for exciting the TE 01 mode, and to r TM01 ∼ 36.8 ± 0.1μm for exciting the TM 01 using a custom-built fiber tapering rig consisting of a ceramic micro heater (NTT-AT, Japan) and high resolution translation stages [33] . The insertion loss of the pre-tapered fiber was measured to be smaller than ∼0.1dB. The pre-tapered SMF was longitudinally aligned with the un-tapered, straight air-core fiber without any twist and fixed together using a UV-curable glue. The coupler was fabricated using the modified flame brushing technique [33] by using the same tapering rig. During pulling, the fibers fuse weakly and the HE 11 mode in the SMF couples into either the TE 01 or the TM 01 mode of the air-core fiber to which it is phase matched, depending on the corresponding ratio (ρ) of radii of the two fibers. The tapering and fusing was stopped when the power measured out of the air-core fiber was maximized. Two different couplers, labeled as TM 01 -coupler and TE 01 -coupler were fabricated with appropriate ρ to individually excite TE 01 and TM 01 beams in the air-core fiber. The fabricated coupler was fixed onto a stable supporting base plate and packed in a plastic box to ensure the excitation conditions are unchanged. Subsequently, the output beam from the air-core fiber was subjected to Stokes polarization analysis using the characterization setup shown in Fig. 3 .
Unpolarized light from a 1550-nm laser source was launched into the SMF input port of the coupler. The SMF was subjected to circular bends to strip out if any higher order mode present before the fused region of the device. The output beam from the air-core fiber was collimated using an appropriate lens and the field patterns were imaged using a CCD camera (MicronViewer-7290A). Fig. 4 (a1, a2) shows a clear doughnut pattern out of the air-core fiber when the polarizer is not present in the beam path before the camera, for both couplers. The absence of LP 01 mode intensity patterns in the observed output beam and the clear doughnut intensity distribution qualitatively suggests that the input LP 01 mode substantially coupled to the selected CVBs.
A polarization analyser was inserted in the path of the freespace collimated beam to analyse its polarization state. The appearance of the dark line across the beam cross section, after passing through the polarizer suggests that the polarization state of the generated beams is inhomogeneous [16] . To understand the polarization structure of the output beam further, the polarizer axis was rotated through 0 − 135 o at selected discrete angles. As the polarization axis was rotated, the two-lobed field pattern on the CCD also rotated along the same rotation direction. The intensity patterns as a function of different polarization azimuths is shown in Fig. 4 (b1-e1) . The observed pattern for the TM 01 -coupler confirms that the generated beam is of TM 01 polarized, as the dark line appears at 90°o ffset angle with respect to the polarizer axis. A similar set of measurements is carried out for the TE 01 -coupler. Such measurements confirmed that the generated beam is TE 01 polarized, as dark lines appeared along the polarization axis for every angle of rotation, as shown in Fig. 4 (b2-e2) . The complete state of polarization of both beams, deduced from the above measurement is presented in Fig. 4 (f1, f2) .
To estimate the polarization purity of the generated beams, the spatial polarization distribution was analyzed from the spatial Stokes polarization measurements obtained using the CCD camera [6] , [34] . The polarization ellipse at each CCD camera pixel (size ∼14x14 µm) was deduced by post-processing the images using a MATLAB [6] . Such polarization ellipse map is superimposed on top of the corresponding spatial coordinate of the CCD image, as shown in These results support the high purity of excited TE 01 and TM 01 modes even after propagation through 50 cm of aircore fiber with moderated bends. Similarly, the polarization ellipticity of the generated beams is calculated across the beam cross-section form the Stokes parameters as shown in Fig. 5 (e) and (f) . Purity of the polarization is estimated from the averaged polarization ellipticity across the beam cross section at four different pixels around the selected circular line as shown in Fig. 5 (e) and (f). The polarization purity is measured to be 70% (∼93% in non-averaged mode) for the TM 01 mode and 82% (∼98% in non-averaged mode) for the TE 01 mode, demonstrating the high purity of generated beams compared to previously reported values [10] , [12] , [13] , [18] .
The difference in polarization purities between TE 01 and TM 01 modes is attributed to the polarization dependent coupling coefficient, which favours the TE 01 mode in our case [25] . Moreover, since the air-core fiber used in this work is designed for supporting many higher order modes the index separation between the lower order modes may not be quite enough to preserve the TM 01 polarized mode [32] . The above problem may be addressed by using a vortex fiber [15] , [17] , [18] , [32] , which is more suitable to support the CVBs. The efficiencies for the TM 01 -coupler and for the TE 01 -coupler, measured to be ∼67% and ∼85%, respectively, are comparable with that achieved through similar techniques recently [20] . This difference may be partially attributed to deviation in pre-taper radius of SMF from its optimum value during the coupler fabrication process.
The insertion loss is measured to be 11% (∼0.5 dB) for both TE/TM couplers and is comparable with previous results [23] . Only a very small (∼3%) variation of the spatial intensity distribution of the generated modes is measured even after 2 hours, indicating the high stability of the device.
IV. CONCLUSION
In summary, we report for the first time the stable generation of pure TE 01 and TM 01 beams through an all-fiber fused coupler technique. The device reported here exploits the relatively large degeneracy between the above modes in an air-core fiber to minimize the power transfer to undesired modes. The polarization purity and efficiency of generated beams, 70% and 67% for TM 01 , and 82% and 85% for TE 01 respectively not only validates our approach but also provides scope for further improvement. Since this is an all-fiber side coupling technique which does not depend on the power/temperature sensitive external mode selector, it is expected to be highly suitable for mode power scalability for laser machining and tweezers applications.
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